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 Concussion has been linked to an increased risk of lower extremity injury. It is 
hypothesized that residual postural control deficits due to delays in central processing speed or 
sensory reweighting are responsible for the increased risk. The purpose of this study was to 
evaluate dynamic and static postural control using laboratory measures to evaluate sub-clinical 
deficits that exist past the acute phase of concussion recovery. Time to boundary (TTB), time to 
stabilization (TTS), and gait initiation (GI) were evaluated in 10 subjects with a concussion 
history and 10 healthy controls. TTB was nearly 10 times shorter in the medial/lateral plane 
under the eyes open and closed criterion and TTS was significantly greater in the medial/lateral 
and anterior/posterior planes in concussion subjects while gait initiation did not differ between 
groups. These results suggest that postural control remains compromised past acute 
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Concussion is defined as a force applied to the head that results in neuronal shearing 
with more than 3.8 million diagnosed cases in the United States per year.1,2 These injuries are 
diffuse in nature thus symptomology is unique for each individual.3 Common symptoms include 
headache, dizziness, and sensitivity to light or sound.4 The resolution of acute symptoms 
typically occurs within the first 2 weeks, but previous research has indicated an increase in 
lower extremity injury risk following concussion, which is known to persist past this time frame.5 
However, the etiology that leads to an increase in lower extremity injury risk remains unclear.6–10 
Lower extremity injury risk is reportedly two times greater after concussion in athletes 
and up to 1.6 times greater in military personnel compared to peers without a concussion 
history.10,11 Diminished central processing speed and sensory reweighting have been implicated 
as a potential cause for increased risk.12 Axonal damage caused by concussive shear forces 
potentially reduces neuronal availability to integrate sensory information, thus reducing 
processing speed of movement.13 Additionally, sensory reweighting is a phenomenon 
characterized by an altered reliance on one type of sensory afferent pathway over others to 
maintain postural control, and has been implicated in cases of anterior cruciate ligament (ACL) 
deficiency. Patients with ACL deficiencies place greater reliance on visual sensory information 
during postural control tasks due to limited somatosensory information derived from the native 
ACL.14,15  These alterations in central processing after concussion incidence could influence 
sensory integration and motor response accuracy, leading to a reliance on one afferent pathway 
over another and a subsequent increase in lower extremity injury risk.  
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Previous research has evaluated static, dynamic, and functional balance tasks in efforts 
to identify contributors to the increased risk of lower extremity injury following concussion, as 
balance represents a proxy assessment of somatosensory function. The current clinical best 
practice for assessing balance following concussion is the Balance Error Scoring System 
(BESS) Test; however, the Y-balance test is also commonly employed. However, neither of 
these clinical tests identify deficits past the acute symptom phase following concussion.12,16–18 
Outcomes for both the BESS and Y-balance typically return to a normal level within one to two 
weeks after concussion incident, potentially due to poor test specificity.19,20  Laboratory 
measures are able to identify differences between concussed patients and healthy patients in 
the acute phase of concussion.18,21–24 Acute preliminary dynamic postural control testing, such 
as gait velocity and center of pressure (COP) movement during walking tasks, reveal worse 
scores in concussed patients compared to healthy controls.18,21–24 Additionally, decreased 
posterior displacement and frontal plane excursion of the dominant limb center of pressure have 
been reported during gait initiation tasks in patients with a history of concussion as well as in 
postural sway assessed via inertial sensors.21,23,24 These deficits in dynamic postural control 
may reflect impairments in processing sensory information, deriving appropriate motor 
commands, or both, thereby increasing subsequent lower extremity injury risk post-concussion. 
However, these studies were conducted in subjects with an acute history of concussion within 
the past year at most. Therefore, it is unclear whether these deficits resolve past the acute 
phases of concussion recovery; necessitating the need for further post-acute evaluation. 
Time to boundary and time to stabilization are indicators of static and dynamic postural 
control, respectively, and are used to identify balance deficits in individuals with musculoskeletal 
injuries such as chronic ankle instability and anterior cruciate ligament injury.25–30 These 
measures utilize technology based mathematical measures and are more objective and specific 
than clinical balance tasks. These measures assess spatiotemporal factors in postural control 
and evaluate supraspinal motor function.26,28 Time to stabilization has been previously evaluated 
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in recreational athletes with a post-acute history of concussion, 28 days past concussion 
incident. Significant differences in stabilization times were found in the concussed population in 
their non-dominant limb when compared to healthy controls.31 Further research on these 
measures in a post-acute setting would reinforce the importance of evaluating specific 
laboratory measures post-concussion.  
The purpose of this study is to compare time to boundary, time to stabilization, gait 
initiation, and static balance between individuals with and without a history of concussion in the 
acute and post-acute phases. These measures assess COP movement, spatiotemporal 
postural control, and may be able to identify sub clinical deficits to which clinical balance 
assessments are not sensitive. Additionally, gait initiation evaluates supraspinal motor control 
and may reveal integration insufficiencies that exist without peripheral deficiencies.29 These 
measures have the potential to identify postural control deficits that persist past the post-acute 
phase following concussion and contribute to heightened lower extremity musculoskeletal injury 
risk.  
We will address the following research questions:  
Research Question 1: Does static postural control differ between individuals with and 
without a history of concussion?  
Hypothesis 1: We hypothesize that COP excursion and COP speed measures 
will be greater and that time to boundary will be lesser in individuals with a history 
of concussion compared to healthy controls. 
Research Question 2: Does dynamic postural control differ between individuals with 
and without a history of concussion? 
Hypothesis 2:  We hypothesize that time to stabilization will be greater in 
individuals with a history of concussion compared to healthy controls. 
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Research Question 3: Does gait initiation differ between individuals with and without a 
history of concussion? 
Hypothesis 3: We hypothesize that COP excursion will be lesser in individuals 
with a history of concussion compared to controls.  
By identifying post acute deficits in dynamic postural control and gait initiation, this study 
will elucidate potential contributors to greater lower extremity injury risk following a concussion. 
Additionally, this study will inform the development of post-concussion assessments and 
rehabilitation strategies. Although there is no damage sustained to peripheral receptors after 
concussion, deficits in sensory processing and derivation of motor commands may still exist and 
lead to sub optimal neuromuscular control. Current clinical balance testing metrics may be 
insufficient for identifying deficits in dynamic postural control past the acute phase. As a result, 
patients may be returning to activity with an increased injury risk due to diminished postural 
control. The purpose of this study is to assess postural control in individuals with a concussion 
history in the post-acute phase of recovery and cleared to return to activity by current clinical 



















Mild traumatic brain injury (mTBI), or concussion, has garnered international attention 
due to its increased prevalence in the media and fascination to the public eye. Although 
previously ignored as a significant injury, roughly one million concussion visits occur in 
emergency rooms in the United Kingdom each year. In addition, over 3.8 million concussions 
are diagnosed in the United States per year.1,6,32 The cost associated with medical 
complications and lost productivity due to concussion is estimated at $60 billion per year.1  
Concussion is defined as a force applied to the head that causes an acceleration and 
subsequent deceleration of the brain causing initial compression followed by neuronal 
sheering.6 These forces cause a myriad of symptoms including impaired mental status, balance 
deficits, delayed reaction time, headache, nausea, and dizziness.12 Due to vast neural tissue 
sheering, concussion can be referred to as a diffuse axonal injury (DAI). 
Diffuse axonal injury refers to sheer forces imparted to the brain causing widespread 
damage to axon transport and axonal swelling. These sheer forces are a combination of an 
external force in one direction while neural tissue experiences tensile stress in the opposite 
direction. This process leads to widespread disrupted axons and neural swelling.13  Unlike focal 
injuries, each mTBI may present with a unique combination of symptoms. For example, a 
patient sustaining a concussion may present with prolonged vestibular and visual deficits while 
another patient may present with only somatosensory deficits. Due to large symptom variability, 
concrete return to play timelines cannot be generalized across patients. In some cases, 
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lingering deficits, such as balance or processing delays, may be undetected using traditional 
clinical measures.32  
Although the highest concussion incidence is due to motor vehicle accidents and falls, 
athletes are at an increased risk for sustaining concussion compared to the average 
population.1 In an epidemiological survey conducted using the NCAA injury surveillance 
program from 2009-2014, 6.2% of all injuries sustained were sports related concussions, with 
the highest incidence rates in football, ice hockey, and women’s soccer.33 Although the medical 
community’s ability to detect concussions has increased as diagnostic tools have improved, 
many concussions still go undiagnosed.1,6  
A current clinical tool used to aid in concussion diagnosis and return to play criterion is 
the 5th edition of the sports concussion assessment tool (SCAT5).34 Although this is the most 
up-to-date tool, the National Athletic Trainers’ Association (NATA) suggests using a variety of 
concussion screening tools including prior versions of the SCAT, graded symptom checklists, 
and preseason screening tools.6 The SCAT5 includes overall symptoms scores, a brief 
neurocognitive evaluation, previous history of injury, pertinent physical exam, and a modified 
balance error scoring system (mBESS) test to aid the provider in identifying concussion.34 
Although this test battery is effective in diagnosing a concussion, it may be flawed in 
determining recovery progression and return to play readiness. Preliminary studies evaluating 
the efficacy of the mBESS and BESS tests in correctly identifying the presence of concussion 
have shown specificity values of 71% and 60% respectively.19,35 Based on these balance exams 
alone, concussed patients are able to pass the mBESS test on an average of 4.0±2.7 days after 
injury.19 Although some patients are able to complete these tasks and have no symptoms 
according to the test battery, athletes who return to play post-concussion are at a 2.48 times 
greater risk of sustaining subsequent lower extremity injury within the first 90 days upon return 
to play.7 The BESS and mBESS tests utilized by current clinical evaluation tools may not be 
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sensitive enough to track minute deficits in postural control that may lead to an increased risk 
for injury upon return to play. 
Concussion and Lower Extremity Injury 
Recent data indicates concussion may lead to a subsequent increased lower extremity 
injury risk.12 Although lower extremity injury is a vague description, the most common injuries 
post-concussion are ankle sprains followed by knee ligamentous injuries, foot sprains, and 
muscle strains.11 Numerous studies have researched this trend across college, recreational 
sports, and military settings. The first epidemiological study conducted involved 46 male soccer 
teams in the Union of European Football Associations (UEFA). After evaluating injury trends 
over the course of multiple seasons, it was noted that players who suffered a concussion were 
2.2 times more likely to sustain a lower extremity injury compared to their teammates without a 
concussion history.10 This trend was supported by Lynall et. al., who reported that college 
athletes who sustained a concussion were 2 times more likely to sustain a lower extremity injury 
at 180 days and 365 days post-concussion compared to a control group of uninjured 
teammates.9 A recent systematic review reported that lower extremity injury risk was 1.6 times 
greater in military personnel and 1.82 times greater in collegiate athletes compared to healthy 
controls.11  
Retired National Football League (NFL) players who suffered multiple concussions 
during their careers also demonstrated a greater incidence of lower extremity injuries sustained 
throughout their career. Subjects who reported experiencing one concussion had an odds ratio 
of sustaining a subsequent lower extremity injury of 1.50 (95% CI 1.30-1.94) compared to an 
odds ratio 2.86 (95% CI 2.36-3.48) in subjects with three or more concussions.8 This supports 
the theory that the number of concussive episodes and risk of lower extremity injury are 
correlated. This trend was also noted in college athletes who sustained multiple concussions 
compared to uninjured controls. Individuals with multiple concussions were 50% more likely to 
have sustained a lower extremity injury at 90 days and 83% more likely at one year compared to 
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uninjured controls.7 The data supports that there may be an increased lower extremity injury risk 
after sustaining a concussion; however, underlying causes are unknown.  
Why do Concussions Cause Lower Extremity Injury: Consequences of Concussion 
Before explaining the link between concussion and lower extremity injury, one must first 
understand the basics of neuromuscular control. Neuromuscular control (NMC) is the process 
by which the culmination of afferent nerve signals are analyzed in the brain and are formed into 
an appropriate efferent response to react to the perceived stimuli. The organization of these 
afferent signals via brain centers to create an efferent response is known as central processing. 
NMC is derived from the central nervous system (CNS) processing three major senses; visual, 
somatosensory, and vestibular. When an individual incurs a musculoskeletal injury, the 
somatosensory system may be altered due to damaged peripheral receptors. Due to this 
damage, inaccurate afferent signals may be sent to the CNS. Although these signals are 
inaccurate, people suffering from musculoskeletal injury are still able to balance by relying more 
on the remaining, unaltered visual and vestibular stimuli. This ability to dynamically adapt to 
changing environments with altered total afferent input is known as sensory reweighting.36  
Sensory reweighting is theorized to be the body’s coping mechanism for diminished 
sensory input by reweighting the relative importance attributed to somatosensory, visual, and 
vestibular inputs.37 By reorganizing the relative reliance on sensory systems, the body is able to 
maintain proficient balance even though the integrity of some sources of sensory information 
has been diminished. In studies on patients who suffered a lower extremity musculoskeletal 
injury, such as an ACL tear or chronic ankle sprains, data has shown these individuals have an 
increased reliance on visual inputs.15,27,38 In patients who have suffered a concussion, it has 
been theorized that numerous factors may have an impact on subsequent lower extremity injury 
risk including deficits in central processing, sensory reweighting, overall injury susceptibility, or a 
combination of all. 9 
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As referred to earlier, concussion can result in a diffuse axonal injury, causing damage 
to a wide array of brain tissues. Due to the connectivity of multiple areas of the brain for 
appropriate NMC, damage to neural tissue may affect the central processing speed and ability 
to perform an activity.8 Axonal damage and swelling caused by sheering forces within the brain 
may limit neural signal propagation and may impact the ability to effectively  process afferent 
inputs. Central processing deficits, in the presence of sound afferent signals, may cause an 
inability to generate an appropriate and timely motor command and therefore react to stimuli. An 
inaccurate or delayed response may expose an individual to an increased injury risk.  
Concussion and Static Postural Control 
Due to the fact that visual, vestibular, and somatosensory signals are combined to 
identify and characterize postural sway, numerous studies have investigated the influence of 
concussion on balance as a proxy for these sensory modalities. Preliminary studies utilized the 
Balance Error Scoring System (BESS) test. The BESS test evaluates static balance in 
numerous positions including single leg, double leg, and tandem leg positions on stable and 
unstable surfaces. When conducted among populations of concussed and healthy Division I 
collegiate athletes, there were no differences in balance errors for either the firm or foam 
surface during single leg (SL) stance on the non-dominant leg (Firm control: 2.8 (95% CI 2.1, 
3.5 errors) concussion 3.6 (95% CI 2.9, 4.4 errors) p=.122) (Foam control: 9.1 (95% CI 8.3, 10.0 
errors) concussion 9.3 (95% CI 8.5, 10.1 errors) p=.705).17 Balance errors include hands lifting 
off of the hips, opening eyes, stumbling or falling, moving hip into greater than 30 degrees of 
abduction, lifting heel, or remaining out of the test position for longer than 5 seconds.34 
Additionally, the BESS test possesses a sensitivity of 60% for identifying individuals at the point 
of initial concussion. However, when compared to the modified BESS (mBESS) test, a BESS 
test that does not utilize a foam surface, the BESS test cleared 34.4% of subjects who were still 
impaired in regards to the mBESS test standards.19  Limitations to this initial data focus on the 
sensitivity of the BESS test. Although the BESS and mBESS tests are good at linking balance 
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deficits to concussion, data continue to show increased risks for lower extremity injury after 
concussion. There may be subclinical balance deficits in place that have an impact on these 
lower extremity injury risks. However, the BESS and mBESS tests may not be specific enough 
to track these deficits in balance.9  
The Y-balance test is a more dynamic assessment of postural control that is composed 
of a platform to stand on and three measurement devices placed in the anterior (ANT), posterior 
medial (PM), and posterior lateral (PL) directions. While balancing on one leg, subjects must 
slide a measurement device in each of the aforementioned directions as far as they can while 
maintaining their balance. This test is typically used to obtain objective measures of dynamic 
postural control; however, by utilizing the loss of balance criteria from the BESS test, balance 
efficiency can also be quantified.17  
Similar to the BESS test studies, balance ability is the same on the Y-balance test 
between patients with and without a concussion history.16,17 Thus, regardless of concussion 
status, subjects were able to perform similarly on a quantitative measure of static postural 
control. Although the Y-balance test forces the patient to maintain postural control while 
introducing a dynamic task, the nature of this test is relatively static in comparison to functional 
activity. 
The lack of differences in postural control using the BESS test and the Y-balance test 
may suggest that static balance assessments are not sensitive enough to detect small 
differences in NMC that could contribute to the heightened risk of lower extremity injury 
following concussion. To address the gap between static and dynamic postural control, one 
study utilized an inertial sensor attached to the L4 vertebrate to track postural sway during a Y-
Balance task. This sensor captures measures of angular velocity which can be used to calculate 
gyroscopic magnitude and sample entropy, a measure of the regularity or irregularity of a time 
series.16 Sample entropy was lower in the concussion group indicating lesser stability.16  
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This trend illustrates the possibility that subclinical deficits in postural control may linger 
after concussion. Recent studies reported postural control deficits up to 90 days post-
concussion diagnosis.19,20,23,24 As such, traditional balance tests, such as the BESS or Y-
balance, may be unable to identify long term balance deficits. The current return to play protocol 
uses a modified BESS test in order to evaluate balance efficiency.34 However, according to 
these studies, this static balance task may be inappropriate for evaluating NMC after 
concussion.  
Balance can also be assessed by evaluating deviations in the center of pressure (COP) 
during static and dynamic activities and may be more sensitive to deficiencies following 
concussion. COP anterior to posterior range and variability were greater in patients 3 days post-
concussion compared to healthy controls during a single leg balance task.20 This suggests that 
the concussed population display decreased postural stability compared to their healthy 
counterparts. However, COP metrics normalized by day 21 post-concussion. The complexity 
index, a measure of the interaction of multiple control mechanisms that allow the body to react 
to environmental stress, during eyes closed on day 3, 21, and 90 post-concussion was less than 
the controls showing systemic NMC deficits in individuals with a concussion history. It is 
important to note that subjects in this study were returned to play at 17 days on average.20 This 
data suggests that although subjects were cleared to return to play by accepted concussion 
standards, there may still be deficits in balance present. Thus, current concussion balance 
testing may not be sensitive enough for identifying long term effects of concussion. 
Concussion and Dynamic Postural Control 
Lynall et al evaluated tandem gait velocity in patients with and without concussion 
histories.18 Subjects were tasked with completing tandem gait with their eyes open and closed 
and with and without a dual task, in this case the Brooks Visuospatial Task. This task 
challenges the patient to memorize the position of numbers 1 through 8 over a 4x4 grid and 
repeat the positioning of the numbers.  Balance errors between the concussion group and 
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control group did not differ significantly during the tandem gait task. However, the concussion 
group walked with a slower average velocity compared to the controls. In addition, center of 
pressure speed during the eyes closed/dual-task condition was greater in the concussed group. 
The concussion history group reduced their center of pressure (COP) speed more than the 
control group under a dual task eyes closed condition in order to maintain balance.18 Although 
typical clinical measures, postural control deficits, are not present in subjects who have returned 
to play after a concussion, the sub clinical characteristics of the COP are potentially altered. 
These findings suggest that deficits in central processing of afferent information may linger 
following concussion, potentially contributing to the increased risk of lower extremity injury.  
Time to Boundary and Time to Stability: 
 Current research on the impact of concussion history on dynamic postural control use 
temporal measures such as COP velocities and speeds. However, these current studies lack a 
combination of temporal and spatial measures, such as COP excursion which gives a more 
robust and complete picture of postural control. Time to boundary (TTB) and time to stability 
(TTS) effectively quantify excursion of COP in a spatiotemporal fashion during static and 
dynamic tasks respectively by successfully integrating velocity in relation to the physical 
threshold of balance.39 These tasks effectively quantify individualized measures of balance that 
may not appear under standard balance tasks.  
 TTB is an estimation of the time it would take for someone’s COP to reach the boundary 
of their base of support. If someone’s COP passed through the boundary of their base of 
support they would potentially fall and, lose their balance.26 Lower TTB scores indicates poorer 
postural control and a decreased amount of time to adjust and correct against postural 
perturbations.26,28,39 In order to collect this data, subjects are asked to stand on a force plate 
under single leg tasks and maintain their balance for an allotted period of time. During that time 
period, COP velocity and excursion data are obtained from the force plate. Measurements of the 
dimensions of the individual’s foot are digitally recorded to construct an outline. Average velocity 
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is then compared to the distance to the boundaries of the foot outline in the medial-lateral and 
anterior-posterior directions. By dividing the COP velocity by the distance to the boundary of the 
foot, TTB in each plane is calculated. Velocity is calculated using the equation: 
VCOP(ML/AP)=dCOP(ML/AP)/t 
where V is the COP velocity, d is the distance from the center of the foot to the border of the 
foot, and t is time it takes for the COP to surpass the boundary of the foot.28 TTB is calculated 
using the equation:  
TTB(ML/AP)=dMLbound/VCOP(ML/AP) 
where TTB is the time to boundary measure, d is the distance from the center of the foot to the 
boundary of the foot, and V is the velocity of the COP.28  
 Although TTB has not widely been evaluated in concussed individuals, individuals with 
chronic ankle instability (CAI) demonstrate significantly decreased TTB compared to healthy 
controls. Measures included absolute minimum distance in the anterior to posterior direction 
(CAI: 1.46±.66s, control: 2.08±.53s p=0.03), mean of minima in the anterior to posterior 
direction (CAI: 5.11±1.89s, control 8.00±2.13s p=0.004), and mean of minima in the medial to 
lateral direction (CAI: 1.81±.68s, control: 2.54±1.17s p=0.05).26 There results indicate that those 
with CAI have a decreased ability to respond to perturbations in all directions. Unlike concussed 
patients, balance deficits in CAI patients are observed in traditional balance test batteries; 
however, these differences are likely due to damaged peripheral receptors. However, TTB 
offers a more specific, global assessment of the subclinical factors that go in to postural control, 
and therefore may be more appropriate to evaluate subclinical deficits in people with a 
concussion history.  
 Time to stability (TTS) refers to the amount of time it takes the COP deviations to return 
to a stable state upon landing.40 Unlike TTB, an increase in TTS represents poorer dynamic 
postural control.41 There are numerous ways in which TTS is assessed. One study utilized a 
jumping task while others use a drop landing.41,42 However, there is inconsistency around the 
14 
threshold for acceptable stability. Fransz et al40 evaluated the parameters that comprise TTS 
and summarized them in four main points. The type of task or input signal used, how signal is 
processed, stability threshold, and determining which intersection of processed signal and 
threshold equates to stability. TTS is greater in individuals who go on to experience an ACL tear 
compared to those who do not.41 For each one second increase in TTS during a posterior 
landing, there is a threefold increase in ACL injury risk (OR, 2.95; 95% CI, 1.28-6.77s). Another 
study used a SL landing task to assess TTS in patients with functional ankle instability (FAI) and 
reported greater TTS in the medial-lateral directions compared to uninjured controls (control: 
1.05s FAI: 1.47s Difference: .42 second mean difference 95% CI).42 A final study looked at TTS 
values of a single leg landing in individuals who had sustained a concussion within roughly the 
past year (28-432 days) compared to healthy controls. Data indicated that the concussion group 
had significantly longer TTS on the non-dominant leg when compared to healthy controls.31 
Overall, as long as the stability threshold, landing task, and definition of stability are 
standardized during TTS tasks, valuable information regarding dynamic postural control can be 
collected.  
Gait Initiation 
 Gait initiation is a culmination of multiple preparatory postural adjustments as the body 
prepares to move from quiet stance into gait and requires dynamic balance control. Gait 
initiation tasks are functional in nature and mimic the movements in which injury occurs during 
athletic activity. Gait initiation evaluates supraspinal motor control aspects of NMC and have 
shown deficits that exist apart from peripheral injury.29 Individuals with chronic ankle instability, a 
population with chronic somatosensory deficits, display decreased COP excursion during gait 
initiation compared to healthy controls.21,29,43 Preliminary testing in patients with an acute 
concussion history revealed similar results as indicated by a reduced posterior displacement of 
the COP and a decrease in COP medial to lateral displacement compared to healthy controls.21 
This suggests that individuals have diminished dynamic postural control during gait tasks. 
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However, when gait initiation values were studied in football players, no significant differences 
were noted compared to a nonrepetitive head impact group.43 Gait initiation provides information 
that bridges the gap between static and dynamic postural control by investigating central 
processes. Although variability exist between current results, no study has looked at gait 
initiation measures in individuals with a concussion history past the acute phase of healing. This 
may provide insight on sub-clinical deficits that exist after individuals with concussion return to 
play. 
Why this Research Matters 
Concussions are a significant clinical issue, especially in athletes. In addition to the 
directly related concussive symptoms, individuals who sustain concussion are at a greater risk 
of lower extremity musculoskeletal injury after being cleared for return to play. However, the 
causes of this sequela are unknown. Studies comparing static balance between subjects with a 
concussion history and without a concussion have not shown significant differences. However, 
the balance tasks used to assess these measures, BESS tests and Y-balance test, may not be 
sensitive to sub-clinical deficits of postural control that linger in patients with a concussion 
history after they have returned to play, potentially increasing their risk of lower extremity injury. 
 Lingering deficits in central information processing due to the diffuse nature of 
concussion may contribute to the heightened lower extremity injury risk following concussion. 
TTB, TTS, and gait initiation tasks are highly sensitive laboratory assessments of postural 
control that may identify subclinical deficits in central processing. This notion is supported by 
current literature that shows that no static balance deficits exist using standard measurement 
techniques, and therefore advanced techniques are required. By having subjects perform the 
TTB and TTS tasks with eyes closed, the existence of sensory reweighting post-concussion can 
be evaluated. 
Athletes, military personal, and other physically active populations suffering from 
concussion are being returned to activity prematurely, leaving them with an increased 
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subsequent lower extremity injury risk. Current balance evaluation metrics may be ineffective at 
identifying subclinical deficits that may exist. Dynamic balance measures need to be researched 
to not only identify potential contributions to the greater risk following concussion, but also to 
give clinicians a gold standard threshold to reach prior to returning people to activity. Although 
theories have purported that there are issues in central processing and sensory reweighting 
post-concussion, no such research has provided clear evidence to support these claims. TTB, 






















 An exploratory cross-sectional study design was utilized to compare individuals with a 
medically diagnosed concussion within the past 2 years and healthy controls. All participants 
completed a single testing session composed of a battery of four tests: mBESS, single-leg 
balance, single-leg landing, and gait initiation. The order of tests was determined using a 
balanced Latin Square for which the mBESS and single-leg balance task were combined into 
one testing block due to similarity in testing procedure and testing optimization.  
Subjects 
 Subjects were recruited as part of a convenience sample from the university community. 
An a priori power analysis of previous literature displayed the need for 20 subjects per group to 
obtain power of 0.8 (α = 0.05); however, due to complications related to a University mandated 
research shut down, we enrolled 10 participants per group. All potential subjects were required 
to be physically active for at least 30 minutes three days per week. Subjects in the concussion 
cohort had to have sustained a concussion that was diagnosed by a physician or athletic trainer 
within the past 2 years and have since been fully cleared for return to physical activity. Subjects 
in the healthy control cohort were matched to the concussion group based on sex and age and 
were required to have no history of concussion. Subjects in either group were excluded if they 
had (1) sustained a lower extremity injury within the 6 months prior to participation, (2) 
significant ankle, knee, or low back injury requiring surgical intervention in their lifetime, (3) 
peripheral nerve damage or vestibular deficits, (4) neurocognitive deficits, or (5) persistent 
concussion symptoms. The research team screened all individuals for eligibility criteria and, if 
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eligible, issued the participant a Tegner activity survey (TAS) to assess level of physical activity. 
The University of North Carolina at Chapel Hill’s IRB approved this study and all subjects 
completed the informed consent process prior to participation.  
Methods 
Modified BESS (mBESS) Test 
Subjects completed a mBESS test in the single leg, double leg, and tandem stance 
positions in both eyes open and eyes closed conditions on a force plate. Trials were completed 
in conjunction with TTB testing to optimize testing time. Participants completed 1 trial of 20 
seconds for each position under eyes open and closed criterion. Leg dominance was 
characterized as the leg one would use to kick a soccer ball for distance and accuracy. The 
non-dominant leg was used during single leg trials and was the posterior stance leg for tandem 
leg trials. The mBESS test evaluates clinician interpreted balance errors to determine balance 
efficiency. Errors included hands leaving the hips, opening eyes during eyes closed condition, 
stumbling or falling, moving hip into greater than 30° of abduction, lifting the heel off the ground, 
or remaining out of the test position for longer than 5 seconds.19,34 Total number of errors during 
balance trails were recorded. Subjects were given a 10 second rest between each trial. All 
balance assessments were conducted by a single, unblinded, trained member of the research 
team.  
Time to Boundary 
Subjects completed 3 trials of single leg balance on the non-dominant limb under eyes 
open and eyes closed conditions while standing on a force plate (Advance Medical Technology, 
Inc, Watertown, MA). Each trial lasted 20 seconds. Trials were discarded if the subject fell, 
stepped of the force plate, or the eyes opened during an eyes closed trial. Trials were redone if 
discarded. Subjects were given a 10 second rest between trials. The initial trial for the single leg 
eyes open and closed condition was utilized for mBESS testing. If errors occurred on the initial 
mBESS trial, the total errors were recorded for mBESS results and the test was repeated to 
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attain proper TTB values.  Anterior, posterior, medial, and lateral boundaries of the foot were 
recorded for each subject utilizing a 1x1 centimeter grid on the force plate. In the event that a 
subject moved their foot during or between trials, the foot was positioned in the same position 
using the initial measurements and the trial was repeated. The foot position measurements 
allowed for the foot to be modeled as a rectangle to assist with the calculation of TTB. COP data 
were sampled at 50 Hz and filtered with a fourth order low-pass Butterworth filter with a cut off 
frequency of 5 Hz.25,26,28 COP speed and excursion in the medial to lateral (ML) and anterior to 
posterior (AP) planes were calculated and used to derive TTB26,28 using a custom MATLAB 
script. COP excursion was calculated as the total distance the COP travels in the ML and AP 
directions.39 COP speed indicates how quickly the COP excursion occurs in medial/lateral or 
anterior/posterior plane during a given trial.39 TTB is calculated as the minimum distance 
between the COP and the border of the foot in the ML or AP direction divided by the associated 
COP speed.26,28 Lower TTB measures, in seconds, indicates poorer postural control and a 
diminished time available to react to postural perturbations.  
Time to Stabilization 
Subjects completed a single leg landing task from which time to stabilization  (TTS) was 
calculated. Subjects completed single leg landing trials on the non-dominant leg from a 30cm 
box placed a horizontal distance of 50% of their height onto a force plate (Bertec Corp. 
Columbus, OH). 31,44 Subjects dismounted from two legs and landed on the single, non-
dominant limb. Upon landing, they were instructed to maintain single leg stance as motionless 
as possible for 10s.44 Subjects were given 3 practice trials and then five trials were recorded.  
Trials were discarded if the subject lost balance or landed on the wrong foot then subsequently, 
recompleted. Medial/lateral and anterior/posterior ground reaction forces were sampled at 1200 
Hz.31,45 TTS is characterized by the time required for the GRF to assimilate to the value of a 
stable period following the initial impact peak. The greater the TTS value, the more time it takes 
for the subject to become stable and thus, relates to poorer postural control. The sequential 
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estimation method was used in order to calculate TTS due to an error in timing of data collection 
in which only 8 s of each trial was collected. Using the sequential estimation method, a 
cumulative average of the data points in a series was calculated by adding one point at a time. 
The resultant sequential average was then compared to the overall series mean and stability 
was determined when the sequential average remains within .25 standard deviations of the 
overall series mean. Wikstrom et al46 demonstrates this method in the following graph below 
(Figure 1). 
  
Figure 1: Sequential estimation example  
This figure demonstrates an example of the TTS graph of GRF after a landing task using 
the sequential estimation method. TTS is determined as the time in which the sequential 




Subjects completed six gait initiation trials. Participants started with the feet hip width 
apart on separate force plates embedded in a walkway. The researcher cued the subject to 
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begin the trial with a visual stimulus at which point the subject walked 10 feet forward along a 
walkway.  For each trial, participants stepped forward with the dominant leg, which was referred 
to as the stepping limb while the non-dominant limb was referred to as the support limb. All trials 
were completed with the participant’s personal shoes.21 Trials were discarded if the subject 
started early, used the wrong foot to start, or fell during gait. Trials were repeated if previously 
discarded. Data were sampled from the force plate at 100 Hz and filtered using a fourth-order, 
low-pass Butterworth filter with a cutoff frequency of 5 Hz.21 Data from both force plates was 
mathematically combined using the following formula to obtain the COP relative to the whole 
body:   
ay = (aya x(Fza/Fz)) + (ayb x(Fzb/FZ)) 
where ay is equal to the global location of the COP, aya/b is equal to the location of COP 
measured by force plate A or B, Fza/b is equal to the vertical force measured by force plate A/B, 
and Fz is equal to the sum of the vertical forces measured by both plates.47 
 The COP data were normalized by subtracting the average COP location over 10 frames 
prior to the visual stimulus from each data point.21  Total excursion of the COP in the 
anterior/posterior and medial/ lateral directions from the onset of the visual stimulus to the most 
anterior COP location was analyzed. Motion of the COP was divided into three phases. Phase 1 
was defined as the interval between presentation of the visual stimulus and the maximum 
posterolateral displacement of the COP toward the stepping limb; Phase 2 was defined as the 
interval between the end of Phase 1 and the maximum medial displacement of the COP over 
the support limb; Phase 3 was defined as the interval between the end of Phase 2 and the most 
anterior position of the COP.21,29 COP excursion within each phase represents preparatory 
postural adjustments (PPA) prior to gait initiation. PPA are essential dynamic motions of the 
COP and COM to transition the body from a static state into cyclical gait and from double limb 
support to single limb support. COP excursion in the medial/lateral and anterior/posterior plane 
during each of the three phases of preparatory gait was calculated. 
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Statistical Analyses 
The independent variable for all analyses was group (Concussion and Control). 
Separate one-way analysis of covariance (ANCOVA) were used to compare each dependent 
variable between groups using the SPSS statistics platform. Self-reported number of months 
from last concussion incident and number of previous concussions were used as covariates. 
Controls were assigned a value equal to the longest time since concussion incident and 





















 Due to the COVID-19 pandemic, difficulties in recruiting in-person subjects arose, thus 
20 subjects in total were enrolled (10 subjects with a history of concussion and 10 control).  
Table 1. Between group comparisons of group differences 
  Group 




  Mean ± SD 
Age (years)  20.8 ± 2.3 22.0 ± 1.8 
Height (cm)  171.5 ± 6.6 170.4 ± 7.9 
Months since Concussion  12.95 ± 7.5  0 
Number of Concussions  2.4 ± 1.6 0 
   
 
Sex  No. (%)  
 Male 3 (30%) 3 (30%) 
 Female 7 (70%) 7 (70%) 
Table 1: Average demographic information for all subjects including age, height, months 
since concussion, and number of concussions. SD= Standard deviation, No. = number. 
 
Modified BESS (mBESS) Test 
 mBESS test errors were significantly greater in the concussion group during the eyes 
closed tandem stance (concussion = 3.4 ± 0.8 errors vs. healthy = 0.2 ± 0.8 errors; p = 0.03). 
Balance errors did not differ between groups for single leg stance under eyes open (p = 0.106, 
observed power = 0.364) or eyes closed (p = 0.401, observed power = 0.128) conditions. 
Tandem stance did not differ between groups under the eyes open condition (p = 0.207, 
observed power = 0.236) (Figure 2). No errors were recorded for either group during double leg 





Figure 2: Average errors on the mBESS test between groups, * = significant group 
difference 
Time to Boundary 
 Time to boundary in the medial/lateral direction was significantly shorter in individuals 
with a history of concussion during eyes open (concussion= 2.6 ± 2.2s vs. healthy = 20.7 ± 2.1s; 
p <0.001, observed power = 0.996) and eyes closed (concussion = 1.1 ± 1.2s vs. healthy = 9.2 
± 1.2s; p  <0.001, observed power = 0.962) conditions.  TTB in the anterior/posterior direction 
was not significantly different for either the eyes open (concussion = 4.6 ± 1.0s vs. healthy = 9.0 
± 1.0s; p = 0.17, observed power =.708) or eyes closed (concussion = 2.4 ± 0.4s vs healthy = 
2.5 ± 0.4s; p = 0.874, observed power = 0.053) conditions. Data for the eyes open condition are 
































Figure 3: Mean TTB values under the eyes open condition. * = significant group difference 
 
Figure 4: Mean TTB values under the eyes closed condition. * = significant group difference 
 
Time to Stabilization 
 Time to stabilization was significantly greater in the concussion group in the 
medial/lateral (concussion = 2.0 ± 0.2 s vs. healthy = 0.6 ± 0.2 s; p <0.001, observed power = 
0.959) and anterior/posterior (concussion: 3.8 ± 0.0s vs. healthy: 3.6 ± 0.0s; p = 0.027, 





































Figure 5: Mean TTS values in the medial/lateral and anterior/posterior planes. * = 
significant group difference 
Gait Initiation  
 COP excursion in the medial/lateral direction did not differ between the groups for Phase 
1 (p = 0.538, observed power = 0.091), Phase 2 (p = 0.612, observed power = 0.078), or Phase 
3 (p = 0.666, observed power = 0.07) of gait initiation (Figure 6). Similarly, COP excursion in the 
anterior/posterior direction did not differ between the groups for Phase 1 (p = 0.737, observed 
power = 0.062), Phase 2 (p = 0.825, observed power = 0.055), or Phase 3 (p = 0.934, observed 



























Figure 7: Average COP excursion in the anterior/posterior plane during preparatory 










































































 The purpose of this study was to compare static and dynamic postural control between 
individuals with and without a history of concussion. The findings support our first hypothesis, as 
TTB was shorter in the concussion group in the medial/lateral direction, most notably during the 
eyes open condition during which TTB was nearly 10x shorter in the concussion group. 
Similarly, the concussion group displayed poorer performance on the mBESS during the 
tandem eyes closed condition.  Additionally, our second hypothesis was supported in that TTS 
was longer in the concussion group in both the medial/lateral and anterior/posterior directions, 
with TTS in the medial/lateral direction being nearly 3x longer in the concussion group. Our third 
hypothesis was not supported, as no differences in COP translation were noted during GI.  
 Currently, no other literature exists that evaluates static postural control after concussion 
using TTB. However, TTB has been evaluated in other populations including those with CAI and 
acute lateral ankle sprain. Individuals with CAI display mean single-leg TTB values on the 
involved limb in the medial/lateral and anterior/posterior directions of 1.8 ± 0.7s and 5.1 ±1.9s, 
respectively,26 and a mean medial/lateral TTB value of 2.3 ± 0.7s has been reported in 
individuals with acute lateral ankle sprains.48 These values are similar to those in our sample of 
individuals with a history of concussion (ML = 2.6 ± 2.1s; AP =  4.6 ± 1.0s).  
 Shorter TTB values indicate diminished somatosensory and/or motor function in static 
postural control in individuals with CAI.26  Therefore, a shorter TTB in the concussion group 
suggests similar alterations in sensorimotor function. Under both eyes-open and eyes-closed 
conditions, the concussion group displayed shorter TTB than healthy controls in the 
medial/lateral direction. This may be clinically relevant as the most common injury reported in 
29 
collegiate athletics is a lateral ankle sprain,49 which occurs as a result of a medial/lateral 
perturbation. Additionally, previous research has noted that the most common lower extremity 
injuries after concussion incident are sprains and strains with ankle sprains having an odds ratio 
of  2.65 ± 0.66 with a history of three or more concussions.7,8 Our results may suggest that 
those with a history of concussion have compromised sensorimotor function that contributes to 
a heightened risk for lateral ankle sprains. Furthermore, the TTB values from our sample of 
individuals with a history of concussion are similar to those of individuals with CAI and acute 
lateral ankle sprains.26,48 While CAI and lateral ankle sprains incur postural control deficits due 
to damage to peripheral somatosensory receptors, this peripheral influence was not present in 
our concussion history group. This may suggest that individuals with a history of concussion 
incur long-term deficits in central processing of somatosensory inputs and/or generation of 
motor commands to correct postural sway.  
 TTS evaluates dynamic postural control.  Our findings of longer TTS in the concussion 
history group in both the medial/lateral and anterior/posterior directions agree with previous 
literature31 that reported greater TTS in individuals an average of 126 days post-concussion 
compared to healthy controls. This study evaluated time to stabilization using the vector sum of 
the anterior/posterior and medial/lateral ground reaction forces in the rather than individually as 
in our study, thus the values are not directly comparable. While the literature evaluating TTS in 
individuals with a history of concussion is limited, it has been evaluated more extensively in 
individuals with ACL and ankle injuries. A previous study evaluating TTS during max vertical 
jumping in patients with FAI found significantly longer medial/lateral stabilization times between 
injured and uninjured limbs (injured: 6.00 ± 2.8s vs. uninjured: 2.5 ± 1.6s).50 When evaluating 
TTS during single-leg drop test landing, similar to the protocol of our study, it was found that 
those with FAI took longer the stabilize in the medial/lateral direction than healthy controls (FAI: 
1.47 s vs healthy: 1.05 s).42 Additionally, TTS in the medial/lateral direction was significantly 
longer during 70 cm jump landings on the involved limb (FAI: 2.23 ± 0.94 s vs. healthy:1.56 ± 
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0.26 s).45 When evaluating TTS in ACL reconstructed subjects during step-down tests, 
significantly longer times were found in vertical TTS comparing the injured to uninjured limbs 
(reconstructed: 1.5 ± .2s vs. uninjured: .9 ± .5s).30 As most injuries in sports occur during 
functional and dynamic movement, a greater time to stabilization may be linked to an increased 
risk for a potential injury incident as previous studies have shown odds ratios of sustaining a 
lower extremity injury as high as 2.86 (2.36–3.48) after multiple concussion incidents.8  
 We hypothesized that COP excursion during gait initiation would be lesser in individuals 
with a concussion history; however, no group differences were present. This was the opposite of 
what was reported in previous research conducted on individuals that suffered acute concussion 
on average 9 days prior to testing.21 This alteration suggests that complications involving the 
supraspinal aspects of motor control may resolve during the acute phase of concussion. 
However, there may be limiting factors of our study that limit comparison to previous literature. 
Our subjects were shod during the gait initiation assessment to imitate sporting events, while 
the previous study assessed these outcomes with subjects barefoot. This experimental 
difference may have altered foot mechanics and the resulting COP displacement. Future studies 
are necessary to determine if footwear influences these outcomes past the acute concussion 
phase. The previous study also utilized inertial measurement units to identify PPAs during gait 
initiation which may provide a more sensitive assessment of COP motion.21 
 Apart from the tandem balance condition with the eyes closed, no differences were 
noted between the groups for the mBESS. Though this subjective, clinical balance assessment 
did not discriminate static postural control between the groups, the laboratory-based TTB 
assessment identified poorer static postural control in the concussion history group. Additionally, 
deficits in dynamic postural control were revealed with the laboratory-based TTS assessment.  
These discrepancies suggest that the mBESS may not be sensitive to long-term balance deficits 
following concussion.  Given current clinical recommendations for use of the mBESS for return-
to-play decisions following concussion, athletes may be returning to play before neuromuscular 
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impairments are resolved, potentially increasing the risk for lower extremity injuries.  The eyes 
closed tandem condition of the mBESS may be more sensitive to post-concussion postural 
control deficits due to the fact that tandem stance is not typically observed during athletic activity 
like single- and double-leg stances are, and thus may be more challenging following return-to-
play. Previous studies reported a sensitivity of 0.71 in correctly identifying acute concussion and 
a specificity of 0.66 when identifying resolved concussion symptomology leading to return-to-
activity using the mBESS. Future research is necessary to determine if the individual conditions 
of the mBESS, particularly the tandem/eyes closed condition, provide more discriminant 
outcomes for these purposes. Additionally, the inclusion of more objective postural control 
assessment may be advantageous over subjective tests alone when making return-to-play 
decisions.  
Limitations 
 Due to the COVID-19 pandemic, the required sample indicated by our power analysis, 
24 per group, was unattainable. This limited the overall power of our analysis most notably for 
the gait initiation assessment. However, the observed power for the non-significant analyses 
was generally very low (range = 0.051 – 0.091 for gait initiation; range = 0.236 – 0.401 for 
mBESS) suggesting that very large sample sizes would have been necessary to identify 
statistically different outcomes that may be of minimal clinical significance. When collecting 
data, months from concussion was used as opposed to days since concussion which is more 
often used in concussion literature. This can be altered in future literature to standardize the 
measure. Due to technological errors, TTS time periods varied from 8 seconds to 10 seconds 
and was thus standardized to 8 seconds for all trials. This may have created slight differences in 
final TTS values compared to past literature that evaluated the data for 10 seconds. 
Additionally, GI was completed with subjects wearing their shoes as opposed to barefoot as in 
previous literature. This difference in collection method may have affected the overall COP 
excursion and should be considered in future studies.  
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Conclusion 
 Lower extremity injury rates after concussion are two times greater compared to healthy 
controls. Current clinical balance metrics may be insufficient for detecting balance deficits after 
the acute injury phase of concussion has concluded. Both static and dynamic postural control 
(TTB and TTS) were impaired in those with a history of concussion, potentially demonstrating 
unresolved neuromuscular control deficits. This data demonstrates that deficits in central 
processing may exist past the acute phase of concussion to which current clinical balance 
metrics are not sensitive. Future studies seek to identify optimal, objective metrics that are both 
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